INTRODUCTION {#s1}
============

Immunotherapy is one of the attracted areas in developing novel anti-tumor therapeutics. The adoptive immunotherapy is accomplished by expanding immune effector cells *in vitro* and transferring the activated immune cells into the hosts, that target against tumor cells or stimulate immune response to eliminate tumor cells \[[@R1]--[@R3]\]. There are two main categories of T lymphocytes: αβ and γδ T cells. The difference of these two types of T cells is that they expressed different cell surface antigen receptors \[[@R4]\]. The majority of αβ T cells recognize antigenic peptides with major histocompatibility complex (MHC) class I or class II\[[@R5]\]. In the peripheral blood, αβ T cells account for about 95%, while γδ T cells contribute to only 5% of total CD3^+^ cells \[[@R6]\]. Cells with the αβ cell surface receptors generally express CD4 or CD8 lineage markers. Most of the αβ T cells belong to helper or cytotoxic/effector subsets \[[@R7], [@R8]\]. In contrast, γδ T cells do not usually express CD4 or CD8 lineage markers, and they do not require conventional MHC antigen presentation \[[@R6]\]. γδ T cells have the capacity of secreting abundant cytokines. They exert potent cytotoxicity against a wide range of malignancies \[[@R9]--[@R11]\]. Therefore, γδ T cells have become the attractive effector cells for cancer immunotherapy. This review will discuss the classification and characteristics of γδ T cells, the roles of,γδ T cells in anti-cancer therapy, the progress in clinical application using γδ T cells and the prospect of developmental direction of γδ T cells in the future.

CLASSIFICATION OF γδ T CELLS {#s2}
============================

Human γδ T cells are subdivided into Vδ1, Vδ2 and Vδ3 T cells based on their surface antigen. They are a group of unconventional T cells \[[@R12]\]. Typically, about 50% to 75% of γδ T lymphocytes in peripheral-blood express Vδ2 chain, and co-express Vγ9 chain. These cells are named Vγ9Vδ2 T cells. Vγ9Vδ2 T cells present only in humans and nonhuman primates \[[@R13]\] and contribute to 1% to 10% of T cells in the peripheral blood of healthy human \[[@R14], [@R15]\]. Activated Vδ2 T cells express cell adhesion molecules, such as CD86, CD80 and MHC-II\[[@R16]\]. They show the characteristics of professional antigen presenting cells\[[@R16]\]. Vγ9Vδ2 T cells have the unique feature of recognizing non-peptidic phosphoantigens\[[@R17]\]. These cells proliferate vigorously *in vitro* in response to stimulation of microbial or synthetic phosphoantigens \[[@R6]\]. They play a critical role in anti-infection immunity and anti-tumor surveillance \[[@R18], [@R19]\]. Activated Vγ9Vδ2 T cells express granulysin, perforin, Fas/Fas ligand (FasL), granzyme-A and B,to kill the asexual stages of P.falciparum and inhibit the growth of intraerythrocytic stages of P.falciparum in the blood \[[@R20]\]. In addition, activated Vγ9Vδ2 T cells express TGF-β, IL-4 and IL-10. They also inhibit T cell proliferation \[[@R21]\].

The second subset of γδ T cells has the Vδ1 chain. Vδ1^+^ T cells are more prevalent in tissues than in the peripheral blood. Most of the tissue-associated γδ T cells possess the function of defending against epithelial cancers \[[@R22]--[@R24]\]. Vδ1 chain is prominent in the intraepithelial layer of mucosal surface \[[@R25]\]. Vδ1^+^ T cells protect epithelial tissue integrity against cell transformation, tissue damage or infection \[[@R26], [@R27]\].

Both Vδ1 and Vδ2 T cell subsets have almost equal amounts of NKG2D^+^ cells and CD6^+^ cells.. The Vδ1 subset has more IFN-γ-producing cells and CD27^+^CD45RA^-^ cells than the Vδ2 subset \[[@R22]\]. In addition, the peripheral Vδ2 can be expanded by phosphoantigens. The anti-γδ Ab is a potent stimulus that could expand both Vδ1 and Vδ2 subsets \[[@R22]\]. The anti-CD3 Ab \[[@R28], [@R29]\] or concanavalin A \[[@R22], [@R28]\] can also be used to expand both Vδ1 and Vδ2 subsets.

Besides Vδ1 and Vδ2 cells, there is a very small subset of Vδ3 T cells. Little is known about this human γδ T cells, except for the indirect evidence of their immunity against CMV and HIV \[[@R30]--[@R33]\]. Although there are only 0.2% of circulating T cells consist of Vδ3 T cells, Vδ3 T cells, are rich in liver and they are found in patients with leukemia and some chronic viral infections \[[@R34]\].

THE ROLES OF γδ T CELLS IN IMMUNE RESPONSES {#s3}
===========================================

γδ T cells play various roles in immune response. They promote immune responses by interacting with other immune cells. They also secrete different cytokines, chemokines and growth factors. \[[@R33], [@R35]\]. Other important roles include recruiting macrophages, cytolytic activity et al \[[@R35]\].

Firstly, cytotoxicity is one of the important roles of γδ T cells. The cytotoxicity of Vγ9Vδ2 T-cell is accomplished by producing a variety of chemokines and cytokines, such as perforin-granzyme, tumor necrosis factor (TNF)/TNF receptor (TNF/TNFR) and TNF-related apoptosis-inducing ligand (TRAIL)/TRAIL receptor (TRAILR) systems \[[@R36],[@R37]\]. In addition, γδ T cells proliferated in response to NK cell ligands and exhibited cytotoxicity against K562 cells \[[@R38]\]. Mattarollo and his colleagues demonstrated high levels of cytotoxicity against solid tumor-derived cells with Vγ9Vδ2 T cells, chemotherapeutic agents, bisphosphonate and zoledronate \[[@R36], [@R39]\]. Furthermore, γδ T cells regulate other immune and non-immune cells. The roles of γδ T cells as critical early responders and cytokine producers have been further demonstrated by Ferrick and colleagues \[[@R40]\]. Their studies showed that γδ T cells were the major initial producers of interferon (IFN)-γ after Listeria monocytogenes infection and IL-4 after Nippostrongylus brasiliensis infection. γδ T cells produce inflammatory cytokines that can directly attack infected cells and they establish a memory response to destroy pathogens upon re-exposure \[[@R41], [@R42]\]. The major cytokine produced by γδ T cells is IFN-γ which is a central cytokine in anti-tumor immune responses. IFN-γ plays an important role in antiviral, anti-bacterial and anti-tumor immunity \[[@R43]--[@R45]\].

Secondly, another important role of γδ T cells is antigen-presentation. Dendritic cells (DCs) are the most efficient antigen-presenting cells (APCs). They links the innate and adaptive immunity \[[@R30], [@R46]\]. To date, there are serious drawbacks in DCs-based adoptive immunotherapy. These include the limited expanding capacity and heterogenous function of DCs. These limitations should be overcome by searching for alternative sources of APCs \[[@R30], [@R47]\]. Activated γδ T cells have the functions and characteristics of professional APCs. They can also present specific antigens by MHC or MHC-related molecules \[[@R46]\]. In addition, activated γδ T cells have the capacity of inducing primary CD4+ and CD8+ T cell responses to antigens \[[@R12], [@R48]--[@R50]\]. Human γδ T cells have been characterized as professional APC because they were able to express MHC class II, co-stimulatory molecules and lymph node-homing chemokine receptors (e.g.CCL7)\[[@R46],[@R51]\]. Yoshikawa found γδ T cells acquire antigen-presenting properties with CD86 expression by studying the function of activated γδ T cells with co-cultures in the absence of zoledronate \[[@R12]\]. In the presence of antibody-opsonized target cells, γδ T cells display both innate cytotoxic function and antigen-presenting capability. They share the characteristics of both the innate and adaptive immunity, \[[@R46],[@R52]\]. Phosphoantigen-activated γδ T cells induce primary immune response in naive Ag-specific ɑ β T cells when given appropriate stimulation (Figure [1](#F1){ref-type="fig"}).

![Ag presentation functions of γδ T cells\
At the tumor site, human γδ T cells have the potential to take up Ags directly by trogocytosis, phagocytosis or pinocytosis and cross-present the exogenous Ag to Ag-experimented and in-experimented αβ T cells.](oncotarget-08-8900-g001){#F1}

Thirdly, γδ T cells regulate immune responses by interacting with other cells. They assist B helper cells for generating IgA, IgM and IgG antibodies and play a regulatory role in humoral immunity \[[@R33], [@R53]\]. The interaction between γδ T cell and B cell is beneficial to immune responses in some species \[[@R54]\]. *In vitro*, activated Vγ9Vδ2 T cells provide B helper cell with CD40L, IL-10 and IL-4 \[[@R52], [@R53]\]. In addition, γδ T cells can activate immature DCs. Immature DCs co-cultured with phosphoantigens stimulated γδ T cells leads to a significantly increased expression of CD86 and MHC class I molecules, as well as acquiring the functional characteristics of activated DCs \[[@R4],[@R55]\]. Moreover, γδ T cells induce DCs maturation by TCR-CD1 \[[@R39], [@R57]\] and Fas-FasL interaction \[[@R33], [@R58]\]. In addition, Vγ9Vδ2 T cells engage transformed cells through a series of innate receptor system, such as NKG2D \[[@R61]\]. NKG2D is a lectin C receptor and plays important function in ligand recognition by γδ T cells. NKG2D is expressed in many normal tissues and is overexpressed in most cancer-cells. It is required for tumor cell-recognition by Vγ9Vδ2 T cells. The key molecular determinants for tumor recognition by Vγ9Vδ2is a C-type lectin receptor and plays an important role in the ligand recognition by γδ T cells.T-cells come from NKG2D , which provides activation signals by binding to its ligands such as MIC and ULBP familiesis a C-type lectin receptor and plays an important role in the ligand recognition by γδ T cells.\[[@R62], [@R63]\]. On the other hand, human DCs can induce γδ T cell proliferation and mediate γδ T cell activation. This finding was confirmed by Ye et al \[[@R56]\].

THE ROLES OF γδ T CELLS AGAINST MALIGNANCIES {#s4}
============================================

γδ T cells can directly identify malignant cells and reject them using body immunity. It is generally accepted that γδ T cells reject tumor cells mainly through the following ways. Firstly, cytokines mediate the lethal effect. γδ T cells exert the anti-tumor activity by generating various chemokines and cytokines, such as TNF-α and IFN-γ \[[@R34], [@R64]\]. IFN-γ can directly inhibit tumor growth, stimulate macrophages, and block angiogenesis \[[@R33]\]. In addition, γδ T cells secrete Th2-like cytokines such as IL-4 \[[@R65]\] and IL-10 \[[@R66]\], control CD8^+^ T cell expansion, adjust the expansion and recruitment of monocytes and neutrophils. Secondly, γδ T cells upregulate the expression of Fas ligand (Fas-L) and TNF-related apoptosis-inducing ligand (TRAIL) therefore enhance the tumor killing activity in the Fas-or TRAIL-receptor (R) sensitive tumors \[[@R63], [@R67]--[@R69]\]. Thirdly, some γδ T cells express CD16, which is a receptor for the Fc portion of immunoglobulin G (Fcγ receptors). CD16 can enhance the antibody-dependent cellular cytotoxicity (ADCC) in the presence of anti-tumor cell monoclonal antibodies\[[@R70], [@R71]\]. Fourthly, following T cell receptor-dependent activation, γδ T cells release granzymes and perforin that mediate cellular apoptosis. by activating related enzymes \[[@R72]\]. Finally, γδ T cells interacting with professional APCs, that process and display antigens and provide stimulated signals necessary for inducing the target cell killing \[[@R73]\] (Figure [2](#F2){ref-type="fig"}).

![Schematic figure of anti-tumor activity of γδ T cells\
1) γδ T cells secret IFN-γ and TNF-α, IL-4 and IL-10. 2) enhanced expression of Fas-L and TRAIL in γδ T cells. 3) γδ T cells express CD16 mediates Fc antibody-dependent cellular cytotoxicity (ADCC). 4) γδ T cells release perforin and granzymes for cytotoxic activity.](oncotarget-08-8900-g002){#F2}

IMMUNOTHERAPY USING ACTIVATED γδ T CELLS EX VIVO {#s5}
================================================

γδ T cells possess unrestricted major histocompatibility complex (MHC) lytic activity and can react to bacteria, viruses, and tumors \[[@R32]\]. Therefore, they have become attractive target cells for adoptive cell transfer therapy \[[@R23], [@R30], [@R74]\]. iIn humans, this activity was exhibited *in vitro* against various tumors, including prostate cancer cells \[[@R75], [@R76]\]. Currently, one of the focus of the recent translational studies is the adoptive transfer of *ex vivo* activated and expanded γδ T cells \[[@R4]\]. Vγ9Vδ2 T cells dramatically expand following infection with prokaryotic or parasite pathogens \[[@R77], [@R78]\]. Bouet-Toussaint investigated their anti-tumor cytotoxicity by the means of *ex vivo* expansion to be utilized for adoptive immunotherapy. As a result, Vγ9Vδ2 T cells showed a strong lytic activity toward a wide spectrum of tumor cell lines including those from hepatocellular carcinomas and colorectal cancer, demonstrating a potential treatment application for these cancers \[[@R67]\]. Van Acker\'s study explains the activation of DC-mediated γδ T cellsactivation, including the cell-to-cell interaction mechanism, and forecasts its potential therapeutic use in DC-based cancer immunotherapy \[[@R4]\]. In a trial of adoptive transfer of expanded γδ T cells *in vitro* to non-small cell lung cancer patients, immune monitoring data showed that the number of peripheral γδ T cells gradually increased with increasing numbers of infusions \[[@R28], [@R79]\].

CLINICAL APPLICATION OF γδ T CELLS {#s6}
==================================

Targeting the immune system against tumors is a therapeutic measure although progress has been slow and success is limited. γδ T cells regulate anti-tumor reactions mainly by producing pro-apoptotic molecules and inflammatory cytokines, or through a TCR-dependent pathway \[[@R59]\]. The main obstacle of utilizing γδ T cells in anti-tumor therapy is that only a small quantity of γδ T cells is amplified without a continuous and reliable method in current clinical trials. Several studies have reported that the most efficient and widely used method to amplify γδ T cells is to utilize a phosphorylated antigen or anti-γδ TCR antibody \[[@R59], [@R80]\]. Because of their unrestricted MHC lytic activity *in vitro*, γδ T cells can be applied to anti-tumor therapies across the board \[[@R81]\]. In several clinical trials, γδ T cells been able topenetrate display efficacy in diverse tumors, including renal cell carcinomas \[[@R82]\], lung carcinomas \[[@R83]\], melanomas \[[@R84]\], breast cancer \[[@R85]\] and many others. It is also distinctive that γδ T cells are activated in response to tumors but not to normal cells *in vitro*. Furthermore, in clinical settings, γδ T cells were efficiently activated by phosphoantigens or bisphosphonates. Other compounds, such as zoledronate, pamidronate and alkylamine can indirectly activate γδ T lymphocytes \[[@R86]--[@R88]\]. This further bolsters the antineoplastic functions of this cell population *in vivo* for the treatment of cancers in human \[[@R85]\].

Recent clinical trials show that γδ T cells are becoming more apparent in therapeutic settings. For example, γδ T cells exhibit an effective role in genitourinary system tumor, and some trials have demonstrated the safety and efficient use of γδ T cell-based immunotherapy. Bennouna and his colleagues have reported a stable disease (SD) in six patients (60%) with metastatic renal cell carcinoma who underwent γδ T cells therapy \[[@R80]\]. In the study by Kobayashi and his colleagues, observedone In this study, they used low dose IL-2 *in vitro* to activate and expand the γδ T cells. This was met with a clinical response in which there was an incremental rise in the number of IFN-γ-producing adoptive transferred Vγ9Vδ2 T lymphocytes. They observed a complete remission in a patient with advanced renal cell carcinomas who underwent six monthly cycles of autologous γδ T cell therapy. The patient with complete remission was disease free for more than 3 years without any additional treatment \[[@R81]\]. The authors further expanded the research to a phase I/II clinical trial, in which 2-methyl-3-butenyl-1-pyrophosphate (2M3B1PP) combined with zoledronate and IL-2 were administered to patients with advanced renal cell carcinoma. The results showed prolonged tumor doubling time in all patients with 1 CR, 5 SD, and 5 Progressive Disease (PD). Objective clinical responses were achieved and the treatment regimen was well tolerated in patients with advanced renal cell carcinoma \[[@R82]\].

These studies in mice and in humans have provided rational for exploiting the potential application of usingγδ T cells in cancer immunotherapy. The main feature that makeγδ T cells attractive is their capacity to be easily and specifically stimulated either by phosphoantigens, such as HMBPP, and IPP , or by agents that induce IPP accumulation \[[@R61], [@R83], [@R84]\]. It is important to utilize the capacity of γδ T cells in cancer immunotherapy. Francesco Dieli and his colleagues have studied the *in vivo* function of Vγ9Vδ2 T cells activated by zoledronate and low-dose IL-2 and found that activated Vγ9Vδ2 T cells significantly inhibited the progression of the hormone-refractory prostate cancer.. The results show favorable clinical responses in six out of nine patients treated with zoledronate and IL-2 \[[@R86]\]. Table [1](#T1){ref-type="table"} summarized some important clinical trials using γδ T cells immunotherapy.

###### γδ T cells anti-tumor effect in clinical studies

  Cancer type                                      Immunotherapeutic approach     Results                                     References
  ------------------------------------------------ ------------------------------ ------------------------------------------- ---------------------------------
  Advanced renal carcinoma                         Adoptive immunotherapy         3/5Prolongation of tumor DT                 Kobayashi \[[@R74]\] et al 2007
  Renal Cell Carcinoma with pulmonary metastasis   Adoptive immunotherapy         CR                                          Kobayashi \[[@R81]\] et al 2010
  Advanced renal carcinoma                         Adoptive immunotherapy         1/11 CR, 5/11 SD                            Kobayashi \[[@R82]\] et al 2011
  Metastatic renal carcinoma                       In vivo Zoledronate and IL-2   3 PR, 5 SD                                  Dieli \[[@R86]\] et al 2007
  Renal cell carcinoma                             Adoptive immunotherapy         6/10SD                                      Bennouna \[[@R80]\] et al 2008
  Renal cell carcinoma                             Adoptive immunotherapy         2/12SD                                      Lang \[[@R87]\] et al 2011
  Metastatic renal carcinoma                       Adoptive immunotherapy         Causing target cell dissolution and death   Viey \[[@R77]\] et al 2005
  Multiple myeloma                                 Adoptive immunotherapy         4/6SD                                       Abe \[[@R88]\] et al 2009
  Myeloma carcinoma                                Adoptive immunotherapy         PR                                          Knight \[[@R76]\] et al 2012
  Advanced lung cancer                             Adoptive immunotherapy         6/10SD                                      Nakajima \[[@R89]\] at al 2010
  Melanoma                                         Adoptive immunotherapy         Causing target cell dissolution and death   Cordova \[[@R72]\] et al 2012
  Malignant leukemia                               In vivo Zoledronate and IL-2   3/4CR                                       Wilhelm \[[@R90]\] et al 2014

Abbreviations: Stable Disease (SD), Partial Response (PR), Complete Remission (CR), Doubling Time (DT)

CONCLUSION AND FUTURE PERSPECTIVE {#s7}
=================================

Recent advances in tumor immunology have confirmed the crucial roles of immune suppressive cells and immune checkpoint systems in inhibiting tumor immune responses in cancer patients. We have reviewed the features and clinical trials of immunotherapies using γδ T cells conducted in the past years. Multiple trials proved that immunotherapies using γδ T cells were safe and well tolerated. Although γδ T cell-based immunotherapies have advantages that worth exploited, some obstacles have to be overcome. There are some aspects that could be improved in future clinical trials. Firstly, it has been revealed that repeated application of phosphoantigens might lead to inability, exhaustion or even death of effector cells. Efforts should be focus on overcoming the anergy effect and extending the functions of γδ T cells. This could be achieved by efficiently expanding Vγ9Vδ2 T cells with Zol plus IL-2 *in vitro*. Secondly, immunotherapy may induce significant adverse reactions. Activated γδ T cells can produce proinflammatory cytokines that may elicit severe adverse reactions. The clinical efficacy of γδ T cell immunotherapy should be further assessed. Combinations of newly emerging therapy with established treatments could minimize the potential side effects of immune reconstitution in the future. The risk for severe adverse reactions and anergy should be evaluated by controlled human clinical trials. Thirdly, better antigens should be sought to help stimulating γδ T cell *in vitro* so that a large amount of cells could be prepared for adoptive cell transfer. Finally, it is needed to overcome the major challenge with combined tumor-targeting antibodies.. γδ T cells and tumor-targeting antibodies might become significant modality for cancer immunotherapy in future.
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